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Experimental Measurements

= Z-pole observables including their correlations:
LEP/SLD experiments

Parameter Input value

[ADLO+SLD, Phys. Rept. 427, 257 (2006)] Mz [GeV] 91.1875 4 0.0021
', [GeV] 2.4952 + 0.0023
= new W mass measurements from DO and CDF . c,;id . AL540 £ 0.037
combined with LEP result: M, = 80.385 + 0.015 GeV 1 & 20.767 £ 0.025
[ADLO, hep-ex/0612034][DO0,arXiv:1203.0293][CDF, arXiv:1203.0275][LEPEWWG] Al 0.0171 +0.0010
A, ® 0.1499 £ 0.0018
= Ty LEP/Tevatron = 0.670 4 0.027
[ADLO, hep-ex/0612034][CDF&DO, arXiv:0908.1374] 2 Ay 0.923 = 0.020
— — 0,¢c =
= m,, m,: world averages e DOTOT E0.0055
PO, 362 6637 2010) A 0002 2 0016
= m,: Tevatron using 5.8 fb-1 | R} 0.21629 4 0.00066
[DO&CDF, arXiv:1107.5255] sin®0lg (Qrn) 0.2324 + 0.0012
= Aoy,.4®(M,2): including o dependency (rescaling) My [Gev1© -
[Davier etal. EPJ C71 (2011)] My [GeV] 80.385 + 0.015
= direct Higgs mass exclusions (at 95% CL): L 1613 e
M. [GeV 1.27 7007
s LEP: M, > 114 GeV - {2:1 190 017
[ADLO: Phys. Lett. B565, 61 (2003)] s [GeV] 17'3 31]; .
o Tevatron: 100 — 119 GeV and 141 — 184 GeV Act?) (MZ) (G2) 2757 + 10
[TEVNPH: arXiv:1203.3782] o, (M%) -
o ATLAS: 110 — 117.5 GeV, 118.5 — 122.5 GeV, and 129 - 539 GeV Sep Moy [MEV] Al
[ATLAS-CONF-2012-019] Sen sint; (D (4.7, 4.7
s CMS: 127.5 — 600 GeV Swply O (=2, 2heo
[CMS-PAS-HIG-12-008] 5thK£ (1) (=2, 2]theo

o LHC+Tevatron: excess at 125 GeV
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Experimental Measurements

= Z-pole observables including their correlations:
LEP/SLD experiments

Parameter Input value

[ADLO+SLD, Phys. Rept. 427, 257 (2006)] My [GeV] 01.1875 + 0.0021
['; [GeV] 2.4952 + 0.0023
= new W mass measurements from DO and CDF o IS 1540 < 0.037
combined with LEP result: M,, = 80.385 + 0.015 GeV 1 & 20.767 £ 0.025
[ADLO, hep-ex/0612034][D0,arXiv:1203.0293][CDF, arXiv:1203.0275][LEPEWWG] Al 0.0171 = 0.0010
A, ® 0.1499 + 0.0018
= Ty LEP/Tevatron = 0.670 + 0.027
[ADLO, hep-ex/0612034][CDF&DO, arXiv:0908.1374] 2 N 0.093 + 0.020
0,¢c
= ., m,: world averages Aty 00707 2 0.0035
[PD(CB:, J.PhyE’.G G37 (2010)] J Ay 0.0992 = 0.0016
_ | RY 0.1721 + 0.0030
= m, Tevatron using 5.8 fb! Rj 0.21629 + 0.00066
[DO&CDF, arXiv:1107.5255] sin®0.g (Qrn) 0.2324 £ 0.0012
" Ady,e®(M;?): including ag dependency (rescaling) My [Gev1© -
[Davier et al. EPJ C71 (2011)] My [GeV] 80.385 &+ 0.015
= direct Higgs mass exclusions (at 95% CL): L 6V i
. [GeV] 127554
iy [GeV] 4.20 547
: : my [GeV] 1733+ 1.1
Still allowed regions: Aal®), (M) ¢2) 2757 4 10
117.5 GeV < M, < 118.5 GeV (M) -
122.5 GeV < My, < 127.5 GeV S
éthpé O [_25 2]theo
5thﬁé ) [—2, 2]the0
o LHC+Tevatron: excess at 125 GeV tin units of 10°5
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Theoretical Input

electroweak precision observables expressed as functions of the free
SM parameters: M5, My, m,, Ao,,.4®(M,?), as(M,?), m,, m,

most important predictions for constraining the Higgs mass

a M, and sin?6': full two-loop + leading beyond-two-loop correction
[M. Awramik et al., Phys. Rev D69, 053006 (2004)][M. Awramik et al., JHEP 11, 048 (2006),
M. Awramik et al., Nucl.Phys.B813:174-187 (2009)]
o theoretical uncertainties (due to eg. truncation of higher QCD orders):

My, (6M,,=4 MeV) and sin?6' (8sin%0' 4 =4.7 -105)
o Sin%0'; defines asymmetry parameter and forward-backward asymmetry

partial Z widths (or ratio of them) important for determination of ag

o Z couplings implemented by parametrization (one-loop level and partly at two-loop

level for O(ao))
[Hagiwaraet al., arXiv:1104.1769)]

correction applied for large Higgs masses (M,>500 GeV) to account for difference
between ZFitter and parametrization
[Bardin et al, CPC 133,299(2001)][Arbuzov et al., CPC 174,728(2006)]
o radiator functions describe final QCD and QED radiation,
[Hagiwara et al, Z.Phys. C64, 559 (1994), Bardin et al. , The standard model in the making (1999), Bardin et al., CPC. 133, 229 (2001)]

including N3O to hadronic Z decay (new!!!)
[P.A. Baikov et al., Phys. Rev. Lett. 101 (2008) 012022, P.A. Baikov et al., arXiv:1201.5804 [hep-ph]]

= width of W boson not crucial for fit due to large experimental uncertainty

[Hagiwaraet al., arXiv:1104.1769)]
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Determination of Strong Coupling

R, (ratio of hadronic and leptonic Z width) most sensitive to o,
N3LO determination of o

4-loop RGE evolution of a (u) with measurements [arXiv:0803.0979]

0.45

2\ — 2 = « NLO
ag(Mz?) = 0.1192 £ 0.0028 T8 s e
-3 . & & swmo |
+ 0.0001 0.35 = B 5 2 ~
se 5 2 2
. . 0.3 — [%)] o S %
« first error experimental - % 2 3 0 S
2 -4 7] = B0 =
_ 025 & o o €3 £ g
« second error theoretical o CID 3 8
+ O
[incl. variation of renorm. scale from M/2 to 2M, and massless 0.2 g:’J Av\] % N _:i_)
terms of order/beyond ag®> and massive terms of order/beyond ag*] i “ : L/\ ,‘,‘1’ "o
0.15 |- g 5; - ) *o
o i 3 L LA P 8-
excellent agreement with N°LO il 2 R 5ix. x
result from hadronic 7 decays f — =
[M. Davier et al., arXiv:0803.0979] 013 |
2\ = - ;
ag(M,?) = 0.1212 + 0.0005,,, 20| % : % v | } {%
YR
+ 0.0008,, + 0.0005,, o] oS (i F } f
| e-1621 I .
1 10 I 102
nscale (GeV)

good test of asymptotic freedom property of QCD

old value: 0.1194 + 0.0028
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Higgs Mass Constraints
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= value at minimum %lc: = 95% CL upper bound 152 GeV
= 99% CL upper bound 176 GeV

M, =952 GeV

= direct searches and indirect determination still in agreement

= in particular indirect result in agreement with Higgs boson at 125 GeV
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Improvement from new W mass
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new W mass = better 95% and 99% CL upper limits
=>» central value shifted to larger Higgs masses
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p-Value versus Higgs Mass

= p-value: probability for wrongly rejecting the SM (probability for getting a
% min.toy larger than the 2, gara from data)

= p-value for fixed Higgs masses determined by using MC toy analysis
= allowed Higgs mass region = reasonable p-value (~20%)
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ST
107 K \\\‘
RN
oS
102 X <
-~ 30
10-3 1 11 1 I 11

160 180 200 220 240
M, [GeV]

Martin Goebel - Update of the electroweak SM Fit and Constraints of SM Extensions



Goodness-of-Fit

 [Eiterld |

0.3
-1.7
-1.0
-0.7

0.4
-1.7

pull-values for the fit considering direct Higgs limits

(Higgs mass take only values in allowed range) A(LEP)
A (SLD)

o (@) -0.8
Al - |0e
awl o A (e
= no value exceeds 30 Al 1 0

sin’@

= forward-backward asymmetry of bottom quarks
- largest contribution to 2

= small contributions from M., Aq,,4®, charm and Az :l 0.6
bottom mass indicate that their input accuracies Rel 0 |00

: : RO| |7
exceed fit requirements NEREEE
AdggMY| -0 00

m| oo
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(O = Omeas) / Omeas

fit
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= no significant requirement for new physics




Determination of Top Mass

Nx “‘I I LI I LI I LI ..I I LI I I LI .I LI :
- S Ttter] 3,
5 A [ | Fit excluding Higgs searches g w/o direct nggS searches
8 ]
= |:| Fit including exp. Higgs limits 3 4108
7E Fit assuming M, =125 GeV — mt = 175'8—6.9 GEV
6 E- -@- Tevatron m}"° [arXiv:1107.5255] =
= -1~ DO x-section-based det. [Phys.Lett.B703,422-427] | 3
5 E_ using approx. NNLO of [Phys.Rev.D.80,054009] _E [
4\ =2 considering Higgs limits
3 — ]
- - +3.8
2 — 'o" ] .
e N ) N Al — EPERN J
0 :I 11 1 I 11 1 1 I Ny F-I'.I-.I-.I. 11 1 1 I 11 1 1 I 11 1 I:
160 165 170 175 180 185 190 195 200
m, [GeV]

= indirect determination of top mass, ie. top mass measurement not
Included in the fit

= |n agreement with direct Tevatron measurement (and DO
determination from top-pair cross-section (oo, physrev.080,054009])
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Determination of Top Mass

Nx |“I I LI I LI I LI I..I I LI I I LI lI LI I:
- S Ttter] 3,
C 1. [[]Fitexcluding Higgs searches - w/o direct Higgs searches
8 I
= |:| Fit including exp. Higgs limits 3 4108
7E Fit assuming M, =125 GeV — mt = 175'8—6.9 GEV
6 E- -@- Tevatron m}"° [arXiv:1107.5255] =
= -1~ DO x-section-based det. [Phys.Lett.B703,422-427] | 3
5 E_ using approx. NNLO of [Phys.Rev.D.80,054009] _E /
4\ =2 considering Higgs limits
3 — ]
- - +3.8
2 — et —] .
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= indirect determination of top mass, ie. top mass measurement not
Included in the fit

= |n agreement with direct Tevatron measurement (and DO
determination from top-pair cross-section (oo, physrev.080,054009])
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Determination of W Mass
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= indirect determination of W mass, ie. no value for M, is used in fits
= in agreement with world average of W mass

= indirect determination including direct Higgs constraints exceeds the
precision of the world average
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W and Top Mass

I
= 80-55 [ T T T T I T T T T I T T T T I : T T | T T T T | T T T T ]
% - I fitter i | 1o band for Myop WA 7 [Buchmueller etal., arX|v 0912 10|36]
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= indirect fit results agree with experimental values

= results from Higgs searches significantly reduce the allowed parameter space
= jllustrative probe of SM (if M, is measured at LHC and/or ILC)
= in addition good probe for new physics models (like SUSY)
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ODbligue Corrections

= physic beyond SM appear only through vacuum polarization

v,ZIW v,ZIW

= two equivalent sets of parameters exist: € and STU parameters
[Altarelli et al, Nucl. Phys. B405, 3 (1993)] [Peskin and Takeuchi, Phys. Rev. D46, 1 (1991)]

= SM predictions modified by parameterization of STU parameters

[Burgess, Pramana 45,547 (1995)]

o S: new physics contribution to neutral current

o (S+U): new physics contribution to charged current
- U only sensitive to W mass and width
- usually very small in new physics models (often: U=0)

o T: difference between neutral and charged current (sensitive to isospin
violation)

[ Osty= Osm(My repsMy o) + CsS + C T +CyU ]

o depend on a (somewhat arbitrary) SM reference point
o S=T=U=0 if data are equal to SM, prediction
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Fit of STU Parameters

I
l— 0-5_Illlllllllllllllllllllll]lllllllIlIlIllllllIIllIl_ l— 0-5IlllllllllllllllllllllllllllllllIl]lI
= €] fitter[S)] = 95% CL fit contours
0.4 = 0.4 [ ] Asymmetries & sin’0_
0.3 & = 0.3 £ []Z widths
= 68%, 95%, 99% CL fit contours 3 My, &1y,
0.2 £ (=120 GeV, m =173 GeV, U=0) = 0.2
0.1 — 0.1
0 — 0
0.1 My € {600, 10007 GeEV = 0.1
= m, = 173.2+ 0.9 GeV 3
02 5 02 \ e linsims Gev
= 3 m, = 173.2+ 0.9 GeV
0.3 — 0.3
.0.4 [ 68%, 95%, 99% CL fit contours = 04 F 68%, 95%, 99% CL fit contours
T E (M =120 GeV, m =173 GeV, U free) = . (M =120 GeV, m =173 GeV, U=0)
_0.5:IIIIIIIIIIIIIIIIlIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII: _0.5III IIIIIIIIlIIIIIIlIIIIIII]IIIIIIIIIIIII]III
-05 -04 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 -05 -04 -03 -0.2 -0.1 0 0.1 0.2 0.3 04 0.5
S S

= derived from fit to electroweak precision observables
(SM,;: M,;=120 GeV, m=173 GeV)

= 5=0.03x£0.10,T=0.05+0.12, U =0.03 £ 0.10 (with large correlation)
= STU values consistent with zero =» new physics contributions are small
= SM predictions (gray band) prefers small Higgs mass

= constraining new physics models by replacing STU parameters by their
predictions in the new physics model
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Seqguential Fourth Generation

= obligue parameters mostly sensitive to mass difference of new generation
[Phys.Rev.D64, 053004 (2001)]

= SM4: enhanced Higgs mass production = Higgs masses excluded up to
600 GeV (some masses around 120 GeV still allowed)

[CMS-PAS-HIG-12-008]

Sequential Fourth Fermion Generation
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0.1 MM \e [200, 1000] eV

-0.2 —
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— =173.2+0. \' ]
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Seqguential Fourth Generation

= obligue parameters mostly sensitive to mass difference of new generation
[Phys.Rev.D64, 053004 (2001)]

= SM4: enhanced Higgs mass production = Higgs masses excluded up to
600 GeV (some masses around 120 GeV still allowed)

[CMS-PAS-HIG-12-008]

Sequential Fourth Fermion Generation
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Seqguential Fourth Generation

= obligue parameters mostly sensitive to mass difference of new generation
[Phys.Rev.D64, 053004 (2001)]

= SM4: enhanced Higgs mass production = Higgs masses excluded up to
600 GeV (some masses around 120 GeV still allowed)

[CMS-PAS-HIG-12-008]

Sequential Fourth Fermion Generation
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= 3 o -
E my,m), € [100, 1000)/GeV J C -
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03 - My e {iniomss! Gev 3 - .
0.4 | 68% 95%, 99% CL it contours m, =1732£ 0.9 Gev 3 -100 — —
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= fourth charged lepton heavier than fourth neutrino
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Littlest Higgs Model with T-Parity

= Higgs pseudo-Nambu-Goldstone boson * provide dark matter candidate
(gets its mass from multi-loop corrections) " parameters of LH model
[Arkani-Hamed et al., JHEP 07, 034 (2002)] . fsyr_nmetry breaking scale (scale of new
. f : d b particles)
NEw fermions and new gauge bosons * s,=m /mq, ratio of masses in top sector
o two new top states (T-odd my. and T-even m+, ) « order one-coefficient d, (exact value

depends on detail of UV physics)

o LH solves hierarchy problem (new particles treated as theory uncertainty in fit (Rfit)

cancel SM loops)

8.=-5...5
= T-parity forbids tree-level contribution from = oblique parameters replaced by
heavy gauge bosons to SM observables corrections from LH model
[Cheng et al., JHEP 09, 051 (2003)] [Cheng et al., JHEP08, 061 (2004)] [Hubisz et al., JHEP 0601:135 (2006)]
- 05I:lttlestnggswnlhTParltly“IIHII AR RARERRRRRREE
0.4 ;_ fitter[<| _;
0.3 - o f05TeV, s 0.6, M =125 Ge 3 : :
T | Higgs can also decay into
0.2 g_ ] f:1.0TeV,51:0.45, MH:SDOGEV _g InVISIble partlcles
“E 7 > nodirect Higgs limits used
0 = f < [300, 2000] GeV
-0.1 s, €[0.25, 0.99] =
= M, € [114,1000] GeV 3 ] .
02 E S contribution rather small
-0.3 - My sm € H;L-cfai;ggf] Gev
3E m o 1752508 GeV o compared to T parameter
0.4 —  68%, 95%, 99% CL fit contours =
— (M _120 GeV, m, =173 GeV) -
_0.5:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
05 04 -03 02 01 ©0 01 02 03 04 05
S
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Littlest Higgs Model with T-Parity

= new T-even top state similar phenomenology SM top quark
(e.g. T,2bW, pair production and single production)
= T-odd top state produced in pairs (decay: T.2>tA,)
Littlest Higgs with T-Parity
M,=125 GeV G
1 f

0.3 0.4 0.5 0.6 0.7 0.8 0.9

amount of fine-tuning rises with increasing f parameter (roughly)
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Summary

Standard Model

= electroweak SM describes well the electroweak precision data

= indirect Higgs determination consistent with direct Higgs limits

= og from electroweak fit and t-decays provide good test of the
asymptotic freedom property of QCD

Physics beyond the Standard Model

= constraints from the electroweak precision data via the oblique
parameters

= simple sequential fourth generation might have problems

= but: many other interesting models extending the three SM
generations (e.qg. littlest Higgs model with T-parity)
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